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Abstract 

The limitations of single frequency plane wave 
excitation in mixing enhancement are investigated 
for a circular jet. Measurements made In an 8.8 cm 
diameter jet are compared with a theoretical model. 
The measurements are made to quantify mixing at 
excitation amplitudes up to 2 percent of the jet 
exit velocity. The initial boundary layer state, 
the exit mean and fluctuating velocity profiles 
and spectra are documented for all cases consid- 
ered. The amplitude of the fundamental wave is 
recorded along the jet axis for various levels of 
excitation. As the amplitude of excitation is 
Increased the jet spreading rate is Increased, but 
beyond a “saturation" amplitude, further Increases 
have no effect on the spreading. The experimental 
results are compared with theoretical estimates. 

In the theory the flow is split into the mean flow, 
large scale motions, and fine scale turbulence. 
Shape assumptions for the mean flow, and fine scale 
turbulence along with the shape for the large scale 
motions obtained from a linear stability theory 
provide the closure. The experimental results 
compare reasonably well with the predictions. 

Introduction 

Enhanced mixing of jets by artificial excita- 
tion has been the focus of numerous investiga- 
tions. 1- ^ These parametric investigations provided 
information about the effect of factors such as 
excitation Strouhal number, amplitude and mode of 
excitation, Reynolds number, and the nature of the 
boundary layer at the nozzle exit. In some stud- 
1es3-5 the value of the ratio of mean velocity with 
excitation to that without excitation at x/D = 9 
on the jet centerline was used as a measure of jet 
mixing enhancement. The maximum achievable value 
of this ratio is about U(ex)/U(unex) = 0.8, using 
single frequency plane wave excitation. It was 
assumed that the levels of excitation were insuffi- 
cient to enhance mixing further and that designing 
a device to produce higher levels would help bring 
these values down further. 


*0n leave from the Department of Mechanical 
Engineering, Cairo University, Cairo, Egypt. 


This study focusses on some inherent limita- 
tions of single frequency excitation in the plane 
wave mode. Measurements were made using the axi- 
symmetric jet facility at NASA Lewis Research Cen- 
ter, at Mach numbers ranging from 0.15 to 0.54 and 
excitation levels 



from 0.05 to 2 percent of the jet velocity. Most 
of the measurements were made at a Mach number of 
0.2. The results are compared with the predic- 
tions of a theoretical model which was developed 
by Mankbadi and Liu 6 * 7 at Brown University. This 
theoretical model considers the role of forcing on 
the growth of the shear layer. The model permits 
the study of the relative dominance of mehanlsms 
such as entrainment due to the growth of large 
scale coherent structures and entrainment due to 
enhanced intensity of fine grained turbulence. 

Experimental Apparatus and Procedure 

The jet facility shown in Fig. 1 contains a 
76 cm diameter plenum chamber supplied with pres- 
surized air. The flow passes through three screens 
and two stages of contraction before exiting 
through the 8.8 cm diameter nozzle. A 20.3 cm but- 
terfly valve bypassed by a 3.8 cm Annin plug valve, 
both operated remotely are used to control the 
flow. A 41 cm diameter section located between 
the two contracting sections contains the excita- 
tion system which consists of four acoustic drivers 
that are equally spaced about the circumference. 
Each driver Is enclosed In a sealed can and vented 
to equalize pressure across the driver diaphragm. 
Figure 1 Is a photograph of the jet facility and 
probe traversing mechanism. A schematic showing 
the nozzle and the exitation system is provided in 
Ref. 5. A Rockland Scientific Variphase tone gen- 
erator provides the exclation signal. This signal 
is amplified by Altec Lansing power amplifiers and 
fed to the acoustic drivers. 

A specially fabricated boundary layer trip 
ring is located 33 cm upstream of the nozzle exit 
where the diameter of the contracting section is 
13.1 cm; the nozzle ended with a sharp edge and 
has a 22 cm long cylindrical section prior to the 
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exit. The trip ring has 82 saw-teeth which pro- 
trude 4.76 mm Into the flow. 

Measurements of mean and fluctuating velocity 
were made with hot-wire anemometers. The coherent 
motions were extracted by the phase averaging tech- 
nique. The phase average Is the average of data 
points having the same phase with respect to a ref- 
erence signal. The phase averaging rejects the 
background turbulence and educts the underlying, 
periodic, coherent component. The phase average 
measurements and spectrum analysis were done using 
a B&K dual channel signal analyzer. A computer 
controlled traversing mechanism was used for probe 
positioning. 

Theoretical Considerations 

The theory of Mankbadl and Liu (Refs. 6 
and 7) includes the effect of excitation on shear 
layer growth and accounts for Interactions between 
the mean flow, large scale structures, and fine 
scale turbulence, In a round jet. The problem Is 
approached by splitting the total flow Into the 
time averaged mean, and a coherent component at an 
Idealised single frequency, the rest being lumped 
as the "Incoherent" component. The kinetic energy 
equations are written and brought to a radially 
Integrated form. The closure Is addressed by mak- 
ing shape assumptions for the mean flow and the 
fine scale turbulence. For the mean flow radial 
shape the theory uses a two-stage hyperbolic 
tangent profile, such as the one proposed by 
Michalke. 8 The profile shape for the coherent com- 
ponent Is obtained from predictions of locally par- 
allel stability analysis, e.g. that of Michalke. 8 
The final product Is a set of three nonlinear ordi- 
nary differential equations, which can be solved 
to obtain the momentum thickness, fine scale turbu- 
lence energy flux and the large scale structure 
amplitude as a function of axial distance. A 
detailed description of the theoretical develop- 
ment Is provided In Refs. 6 and 7, 

Results and Discussion 


from the tripping device that is located upstream. 
Shape factor, momentum thickness and peak fluctua- 
tion level measured about 0.5 mm downstream of the 
nozzle lip are shown in Fig. 4. The boundary layer 
characteristics are essentially the same In the 
Mach number range 0.1 to 0.35. Based on these 
characteristics the boundary layer could be consid- 
ered as "nominally turbulent." The exit conditions 
were thus "tailored" using the boundary layer trip- 
ping device described in an earlier section and 
more thoroughly in Ref. 5. 


Measurements to Quantify the Spreadlnc 
of the Jet 


The decay of mean velocity along the jet axis 
for various levels of excitation is shown in 
Fig. 5. The mean velocity normalized by the jet 
exit velocity is plotted versus a dimensionless 
axial distance for a case where the Mach number 
was 0.2. Excitation was at a Strouhal number, 
(fD/U e ), of 0.5 and the excitation level was varied 
from zero to 2 percent of the exit velocity. It 
Is seen that with increase In the level of excita- 
tion, the jet decays more rapidly, but beyond a 
level of excitation of about 0.875 percent no fur- 
ther effect on the jet decay Is observed. The jet 
decay rate Is therefore found to be saturated. 

The jet centerline turbulence intensity plotted 
versus dimensionless axial distance is shown in 
Fig. 6. The turbulence, in this case, Is a sum of 
the coherent and Incoherent contributions. All 
conditions are the same as In Fig. 5. As In the 
mean velocity data the effect of Increased excita- 
tion on the turbulence diminishes beyond the cer- 
tain level of excitation. A plot of U(ex)/U(unex) 
measured on the jet centerline, at x/D « 9, versus 
the level of excitation measured at the jet exit 
is shown In Fig. 7. A lower value of mean veloc- 
ity at x/D = 9 Indicates higher spreading rates. 
Figure 7 shows that the ratio of U(ex)/U(unex) 
drops quickly to a value near 0.8 at excitation 
levels as low as 0.3 percent but a further Increase 
In the excitation level does not reduce this ratio 
any further. 


As the Initial conditions play a very signifi- 
cant role In the development of the shear layer, 
these conditions were carefully documented. 

Figure 2 shows the longitudinal mean velocity (U) 
and turbulence intensity (u‘) profiles at the 
nozzle exit plane normalized by the jet exit veloc- 
ity Uj). The mean velocity profiles are top-hat 
In shape, with a very small momentum thickness at 
the nozzle exit. The turbulence measured In the 
boundary layer at positive values of r Is higher 
because the probe and Its support mechanism were 
positioned within the jet flow In order to reach 
this side. This flow Impingement resulted In 
small probe vibrations which were sufficient to 
contaminate the data In the thin boundary layer. 

All subsequent measurements are on the axis or in 
the boundary layer on the negative r side where 
only the probe and the stem entered the flow caus- 
ing minimal vibrations. Velocity spectra measured 
within the nozzle exit boundary layer and on the 
jet centerline are shown In Fig. 3. The boundary 
layer spectrum shown was measured at the radial 
location where the maximum velocity fluctuations 
occurred. Neither spectra show any distinct 
peaks. This Indicates that the flow is reasonably 
"clean" and free of tones from valve and flow 
noise. The exit boundary layer spectrum also shows 
that there are no remnants of organized shedding 


As the mean centerline velocity measurements 
at x/D - 9 are not a direct measure of the jet 
spreading rate, the jet spreading as represented by 
the shear layer momentum thickness was measured at 
x/D = 9. This Is shown In Fig. 8. Momentum thick- 
ness (exci ted)/momentum thickness (unexcited) Is 
plotted versus the excitation level. The momen- 
tum thickness used here is defined as. 


f | <,-U,dr. 
J o c c 


where U c Is the local centerline mean velocity. 
The data in this figure also exhibits the "satura- 
tion" seen In the earlier figures. The knee of the 
curve is at a level of 0.3 percent of the jet exit 
velocity, which Is the same conclusion drawn from 
the mean centerline velocity measurements shown In 
Fig. 7. 


Figure 9 shows the normalized peak amplitude 
of the fundamental wave as measured along the jet 
axis for various levels of excitation. As the 
excitation levels are increased the peak level 
attained by the fundamental wave gets higher and 
eventually saturates. Also obvious from the fig- 
ure Is a clear upstream shift in the location of 
this peak with increasing Initial excitation 
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level. The peak level of the fundamental can be 
viewed as another Indication of jet spread, since 
as the fundamental wave grows It extracts energy 
from the mean flow thus causing the jet to spread 
at a faster rate. The peak amplitude attained by 
the fundamental wave Is plotted versus the level of 
excitation In Fig. 10. This Is seen to saturate at 
the same level of excitation at which the spread- 
ing rate and mean velocity at x/D =» 9 are seen to 
saturate. This implies that the process of mixing 
enhancement in this experiment is dominated by the 
growth of the fundamental wave. 

The growth and decay of the fundamental, the 
subharmonic, harmonic and the total fluctuation, 
measured along the nozzle axis, are shown In 
Fig. 11. The jet spreading rate is essentially 
governed by the fundamental and the development of 
fine scale turbulence In the jet. In Fig. 11 the 
fundamental is obtained by phase averaging whereas 
the subharmonic and harmonic are obtained by fil- 
tering and the total turbulence is the energy con- 
tent of the entire spectrum. The harmonic cannot 
be defined In the axial region where It decays 
because the background turbulence levels get higher 
than the harmonic at around x/d = 3. 

Most of the data discussed so far has been at 
a Mach number of 0.2. Data Is shown In Fig. 12 for 
M = 0.2, 0.3 and 0.54. U(ex)/U(unex> measured at 
x/D = 9 on the jet centerline Is plotted versus 
the level of excitation. Saturation is seen at 
Mach numbers of 0.2 and 0.3. At a Mach number of 
0.54 the "saturation" level could not be reached. 
This was because the excitation system could not 
produce levels as high as 0.3 percent of the exit 
velocity corresponding to M * 0.54. Therefore It 
seems that efforts to control high Mach number 
jets would experience a similar "saturation limit" 
when devices to produce such levels are develop- 
ed. Jet mixing control using single frequency 
plane wave excitation appears to be quite limited. 
It Is possible that other modes of excitation, 
however, would overcome this restriction. 

Experiment Versus Theory 

Theoretical estimates based on the Mankbadl 
and Liu theory are compared with the experimental 
data In Figs. 13 and 14. The solution of the sys- 
tem of equations representing the development of 
each flow component requires the exit momentum 
thickness, the initial excitation level and the 
turbulence energy at the jet exit. Measured val- 
ues of these quantities from the experiment are 
Input as initial conditions for the computations. 
The exit momentum thickness (8/D) was measured 
to be 0.006. The Initial turbulence energy was 
calculated by Integration of the measured 
turbulence profile at the exit 

E = [ u' 2 rdr 
J o 

E = 0.0001 was used and the Initial excitation 
level was varied as In the experiment. 


The maximum coherent velocity component at 
the excitation signal fundamental frequency as 
found along the jet axis as a function of the exci- 
tation level Is shown in Fig. 13 (data same as In 
Fig. 10). The figures show that at low excitation 
levels the theory underestimates the coherent com- 


ponent. However, the figure shows that the theory 
Indicates the same saturation behaviour as in the 
experiment. The maximum coherent velocity compo- 
nent that can be reached along the jet Is about 8 
percent of the jet exit velocity. The saturation 
behaviour can be explained using the theory as fol- 
lows. The coherent component grows by extracting 
energy from the mean flow. This mean flow produc- 
tion of the coherent component Is proportional 
to the energy of the coherent component and is 
inversely proportional to the momentum thickness 
of the mean flow. Thus, an initially high level 
of the coherent structure energy will result In a 
rapid absorption of energy from the mean flow. 
However, this also results In a rapid growth of 
the mean flow momentum thickness and therefore 
less energy is available for the subsequent devel- 
opment of the coherent component. Thus, the coher- 
ent structure "chokes" from its own energy. Thus, 
further increase in the excitation level can not 
result in amplification of the coherent component 
and a saturation limit is reached. 

The ratio of the jet's momentum thickness at 
x/d = 9 for the excited and the unexcited condi- 
tions is shown in Fig. 14 versus the excitation 
level. At low excitation levels, the theory pre- 
dicts the same values as In the experiment. At 
higher excitation levels the theory underestimates 
the effect of excitation on the momentum thick- 
ness. The present theory only considers a single 
frequency component of the coherent structure. 
However, if the energy of the fundamental compo- 
nent of the coherent structure Is relatively high, 
a subharmonic of the fundamental can be amplified 
as in Refs. 11 and 12 and as observed In this 
experiment and shown in figure 11. This subhar- 
monic also absorbs energy from the mean flow and 
results in further Increases of the momentum thick- 
ness as studied by Mankbadl.^ This could explain 
why at high excitation levels the single frequency 
theory underestimates the development of the jet. 

Flow VI sual 1 zation 

Schlieren photographs taken from Ref. 3 are 
shown in Fig. 15. These pictures show the effect 
of increasing excitation levels on the jet struc- 
ture at a Strouhal number of 0.5. With Increasing 
amplitude (indicated by the voltage Input to the 
speaker). The effect of excitation on the jet 
structure is pronounced In the first three pic- 
tures. But little change occurred In the fourth 
picture in comparison to the third. A direct com- 
parison with the present experiment can not be 
made as the excitation level in the visualization 
study is indicated by the voltages to the acoustic 
drivers. Values of the excitation level as a per- 
cent of the jet exit velocity are not available in 
Ref. 3. In a private communication with the prin- 
cipal author of Ref. 3 the possibility of the 
output from the acoustic drivers having reached 
saturation was discussed. When the voltage input 
to the drivers was increased from 10 to 40 V the 
output from the drivers did saturate, but the exact 
voltage where this occurred is not known. Though 
qualitative, these are indications that there 
exists an upper limit to which the structure shown 
in Fig. 15 can be altered by single frequency plane 
wave excitation. 
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Concluding Remarks 

1. There are limitations In jet mixing 
enhancement using single frequency plane wave exci- 
tation. Therefore the use of devices which provide 
higher levels of single frequency excitation may 
not yield better jet mixing or plume reduction. 

2. This saturation is observed In all measured 
quantities of the jet evolution, i.e. the fundamen- 
tal wave amplitude, the momentum thickness and the 
centerline mean velocity and turbulence Intensity. 
The level of excitation at which saturation of the 
fundamental wave is reached Is the same as that at 
which the saturation of the increase In momentum 
thickness and the centerline mean velocity Is 
reached. This level, for the presently studied jet 
at M = 0.2, was found to be about 0.3 percent of 
the jet velocity. 

3. The theory of Mankabadi and Liu can rea- 
sonably simulate the effect of excitation on the 
development of the jet. Inclusion of a mechanism 
by which subharmonics can be amplified must be con- 
sidered at high excitation levels. 

4. More effective methods for flow control 
such as simultaneous excitation of the fundamental 
and subharmonic waves^* 10 or spinning mode excita- 
tion need to be parametrically studied in order to 
obtain further Increases in jet mixing enhancement. 
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FIGURE 1. - JET FACILITY AND TRAVERSING MECHANISM. 
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FIGURE 2. - RADIAL VARIATION OF MEAN (U, SOLID LINE) 
AND FLUCTUATING (U', DASHED LINE) VELOCITIES AT 
THE JET EXIT. 
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FIGURE 3. - u' -SPECTRA MEASURED AT THE JET EXIT 
BOUNDARY LAYER AND CENTERLINE (<t); BANDWIDTH 
12.5 Hz. 
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FIGURE 4. - BOUNDARY LAYER CHARACTERISTICS MEASURED 
0.5 MM DOWNSTREAM OF THE JET EXIT. 

(a) SHAPE FACTOR. 

(b) MOMENTUM THICKNESS. 

(C) PEAK FLUCTUATION INTENSITY. 






FIGURE 5. - CHARACTERISTIC DECAY OF MEAN VELOCITY 
ALONG THE CENTERLINE FOR VARIOUS LEVELS OF IN- 
ITIAL EXCITATION, (St = 0.5). 



FIGURE 6. - CHARACTERISTIC DEVELOPMENT OF TURBU- 
LENCE INTENSITY ALONG THE CENTERLINE FOR VARIOUS 
LEVELS OF EXCITATION, (S = 0.5). SAME LINE CODES 
AS IN FIGURE 5. 









x/D 


FIGURE 9. - GROWTH OF THE FUNDAMENTAL WAVE ALONG THE 
JET CENTERLINE FOR VARIOUS LEVELS OF INITIAL EX- 
CITATION. (St = 0.5. M = 0.2). 



FIGURE 10. - VARIATION OF THE PEAK LEVEL ATTAINED BY 
THE FUNDAMENTAL WAVE WITH THE INITIAL LEVEL OF EX- 
CITATION, (St = 0.5. M = 0.2). 
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FIGURE 13. - COMPARISON OF EXPERIMENT VERSUS THEORY 
FOR THE VARIATION OF THE PEAK LEVEL ATTAINED BY 
THE FUNDAMENTAL WITH THE INITIAL LEVEL OF EXCITA- 
TION/ (St = 0.5, M = 0.2). 




FIGURE 14. - COMPARISON OF EXPERIMENT VERSUS THEORY 
FOR THE VARIATION OF MOMENTUM THICKNESS AT X/D = 9 
WITH THE INITIAL LEVEL OF EXCITATION, (St = 0.5, 

M = 0.2). 
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(A) NO EXCITATION. 


(B) 1 V. 



(C) 10 V. (D) AO V. 

FIGURE 15. - SCHLIEREN PHOTOGRAPHS OF JETS AT VARIOUS LEVELS 
OF EXCITATION (FROM REF. 3). 
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